predation by domestic chicks, we found that a striped colour pattern enhanced survival when reaction distance was short and jumping performance poor, but decreased survival when reaction distance was long and performance high (Forsman & Appelqvist, 1998) . Such correlational selection is an important feature of theories of evolution because it is thought to promote functional integration of and genetic coupling between different traits (e.g. Ewens, 1979; Lande & Arnold, 1983; Lande, 1984; Endler, 1986 Endler, , 1995 Brodie, 1989 Brodie, , 1992 .
Almost all animal species exhibit some degree of sexual differences in body size or behaviours, such as microhabitat use, activity patterns and dispersal (reviewed in Andersson, 1994) . When subjected to selection imposed by visual predators, colour patterns can therefore be expected to exert different effects on survival in male and female individuals (Forsman, 1995) . Theory predicts that such differential selection on coloration in the two sexes may affect the dynamics of polymorphisms (e.g. Li, 1963; Kidwell et al., 1977) and promote the evolution of sexual dichromatism (Lande, 1984; Slatkin, 1984) . Experimental demonstrations of opposing selection on colour pattern in males and females from natural populations would thus be of great general interest. In this paper, we provide one such example from a colour polymorphic pygmy grasshopper.
Our study animal, Tetrix subulata (L.)(Tetrigidae), is a small (up to 14 mm body length, 0.07 g), short-limbed, diurnal, grasshopper that is widely distributed in Europe (Holst, 1986) . This species offers a good model system in which to test experimentally for interactive effects of gender and colour pattern on survival. Like many other species of grasshoppers (Nabours, 1929; Rowell, 1971 ) it exhibits discontinuous variation in coloration, even among hatchlings within a single clutch (see below). Their small size and locally high population densities not only render these animals susceptible to visual predators such as birds (e.g. Isley, 1938; Bock et al., 1992) , but also enable repeated recaptures of large numbers of marked individuals necessary for estimating survival (Manly, 1985; Lebreton et al., 1992 Lebreton et al., , 1993 . Finally, their dry and tough exoskeleton allows the application of paint, such that one can alter their colour patterns (Forsman & Appelqvist, 1998) . Such manipulation of phenotypes provides the most direct means of identifying the target(s) of natural selection (Endler, 1986; Wade & Kalisz, 1990) .
In the study reported here, we experimentally manipulated colour patterns of free-ranging male and female T. subulata and estimated their survival from mark± recapture data. We examine whether our manipulation affected the subsequent survival of males and females differently, and whether the relative survival rates of different colour variants changed through time. We also test for sexual differences in natural colour morph frequencies, body size, activity patterns, dispersal and microhabitat use. The three behavioural variables were chosen because of their potential importance to survival, previous demonstrations of sexual differences in these behaviours in other grasshopper species (e.g. Calver & Bradley, 1991; Mason et al., 1995) , and because sexdependent habitat selection may contribute to the maintenance of polymorphisms (Hedrick, 1993) . Collectively, our data also enable us to test the null-hypothesis that the dynamics of the colour pattern polymorphism in these grasshoppers is in¯uenced by stochastic events (such as random genetic drift and founder events) rather than by selective processes.
Materials and methods

Study animal
Tetrix subulata is characterized by a long pronotum that extends beyond the apex of the abdomen, highly reduced fore-wings and well developed hind-wings (Holst, 1986) . It is most often found in damp places, where it lives on the surface of the soil and feeds on moss, short grass, algae and humus. These grasshoppers overwinter as adults or late instars, emerge in early spring (April±May), reproduce and lay multiple clumps of eggs in late spring and summer, and develop into nymphs within 3±4 weeks, with the number of larval instars being ®ve (males) or six (females) (Holst, 1986) . Like many other Tettigidae grasshoppers (Nabours, 1929; Holst, 1986) Tetrix subulata exhibits extraordinary variation in colour and pattern of the pronotum. Thus, within a single population of T. subulata one may ®nd individuals varying from black, through yellowishbrown to light grey, with some individuals being monochrome and others having a distinct pattern, such as a light yellowish narrow mid-longitudinal stripe on the upper surface of the pronotum or conspicuous spots about the middle of the pronotum (Holst, 1986; Forsman, 1997) . Colours and patterns are distinct as early as the second instar and remain unchanged during the rest of the life of the individuals (Nabours, 1929; A. Forsman, unpublished) .
The genetic background of the colour polymorphism in T. subulata has not yet been examined, but detailed longterm breeding experiments with laboratory colonies of several closely related species (Apotettix eurycephalus, Paratettix texanus, Telmatettix aztecus, Tettigidea parvipennus) have shown that the polymorphism in elementary colour patterns in these taxa is due to several extremely closely linked dominant factors, and that there is a strong tendency for several of the general patterns to be repeated in different genera and species (Nabours, 1929; Fisher, 1939) . Also, based on the observation that in culture, homozygotes of nearly all dominants were less viable than double heterozygotes from the same matings, Fisher (1939) concluded that strong selective pressures (which are inoperative in culture) such as visual predation must exist in nature to account for the great discrepancy in morph frequencies in cultivated and wild populations of the same species.
Study area and experimental procedures
We conducted a capture±mark±recapture study on a population of grasshoppers 80 km east of Uppsala, Sweden, during 8 May ± 26 June 1996. The study area consisted of a ®re-ravaged, 4-year-old, clear-cut ®eld surrounded by coniferous forest. The clear-cutting measured » 10 hectares, was characterized by bare rocks and boulders, and vegetation dominated by mosses (Ceratodon purpureus, Pholia nutans, Polytrichum commune, P. juniperinum) and some tussock sedges (Carex ssp.) (see also below). We observed many different visually orientated predator species, such as white wagtails (Motacilla alba), tree pipits (Anthus trivialis), blackbirds (Turdus merula), great tits (Parus major) and willow warblers (Phylloscopus trochilus) foraging in the study area. Spiders were relatively abundant, but although they may be an important source of grasshopper mortality (e.g. Belowsky & Slade, 1993 ) they probably do not select their prey on the basis of colour pattern.
We captured adult grasshoppers with a bag net on six days with favourable weather conditions (8 May, 21 May, 29 May, 5 June, 11 June, 26 June) from about 10.00±14.00 h. Because these grasshoppers move around on the ground and seldom climb vegetation we had to act like`visual predators' and could capture only those individuals we could see. For each individual we recorded gender and length of the pronotum (using digital callipers, to the nearest 0.01 mm). We also classi®ed individuals as belonging to one of four different colour morphs (black, grey, striped, and others [i.e. uniform light or dark brown, and mottled morphs]) on the basis of their natural colour patterns. To experimentally manipulate grasshopper colour patterns we painted the dorsal side of the pronotum either uniformly black or grey, or striped (black with a narrow longitudinal yellowish brown stripe) using water-based modelling paint (Humbrol Fantasy, black 5033, grey 5064, yellowish brown 5063, Humbrol Ltd, Mar¯eet, Hull, UK). The painted animals closely resembled (by human vision) the natural black, grey and striped colour morphs. We created only these three colour variants because remaining morphs were more dif®cult to mimic using paint, and because including more treatments would result in smaller sample sizes and a concomitant increase in the standard errors associated with survival estimates for each treatment. We assigned individuals to paint treatments randomly with respect to natural colour pattern (v 2 8.47, d.f. 6, P 0.21) to avoid any confounding effects of genetic correlations between colour pattern and behaviour (Brodie, 1989) . To enable identi®cation of recaptured animals and construction of capture-histories of individuals (Manly, 1985; Lebreton et al., 1992) we marked the grasshoppers ventrally with a small, bright dot of paint, the colour of which was unique to each capture date. Individuals were given an additional ventral mark each time they were recaptured. Grasshoppers were released in the central region of the study site immediately after processing and did not appear to suffer from the paint treatment; there was no sign of necrosis or abnormal behaviours, and we frequently observed painted individuals feed, jump and use their wings shortly after being released. Also, at least ®ve of the 64 individuals painted and marked at the ®rst capture event were alive upon termination of the experiment. Although the paint treatment per se may have affected survival, this should not confound our comparisons of individuals painted in different colour patterns.
Analysing variation in morph frequency and body size
We tested for independence among sex, colour morph and capture date using log-linear analysis (Bishop et al., 1974; Sokal & Rohlf, 1981) . Tests of independence were based on comparisons of the ®t between a model containing and a model lacking the interaction of interest using a log-likelihood ratio. Models were ®tted using the CATMOD-subroutine in SAS (SAS Institute, 1988) . Differences in body size (pronotum length) between sexes, colour morphs and capture dates were analysed with a mixed model analysis of variance (ANOVA A N O V A ). In this analysis, sex, morph and the sex by morph interaction were considered ®xed effects, whereas time and all remaining interactions were considered random. We computed the F-statistics using the appropriate expected mean squares as the denominator (SAS Institute, 1988) . To avoid pseudoreplication we used only information from the ®rst capture for each individual in these analyses.
Estimating survival
Estimation of survival probabilities based on incomplete registration of survivors from mark±recapture data must be based on models which take into account that capture probabilities may vary over time and among different categories of individuals. We examined the effects of time (t), paint treatment (i.e. colour morph, m) and sex (s) on capture (p) and survival (/) probabilities, respectively, using the program S U R G E S U R G E version 4.2 and logistic transformation of variables (Lebreton et al., 1992 . The procedures of the program are based on the philosophy of generalized linear models and analysis of variance models, and employ iterative calculations and maximum likelihood methods. Thus one can test for differences in survival probabilities (/, the probability that an individual of a certain sex and treatment group survives to day X + 1 given survival to day X) between categories of individuals and over time when controlling for differences in capture probabilities Colour pattern and survival 393 (p, the probability that an individual is recaptured on day X given that it is alive). Analyses are based on data on individual capture-histories, consisting of a series of ones and zeros, where previously marked individuals that are not recaptured (either because they have died, or because they are alive but have avoided being captured) are assigned the value 0. Such`gaps' in the capturehistories are used in iterative calculations to separately estimate capture probabilities of different categories of individuals. To control for differences in capture probabilities when comparing survival probabilities is of particular importance in studies, such as ours, where the investigators act as`visual predators' and catch only animals they can see. Otherwise survival estimates will be confounded by any differences in behaviour or conspicuousness which affects susceptibility to the investigator(s).
For a more detailed theoretical background of survival estimates from mark±recapture data, principles for model selection and examples of applications of the program S U R G E S U R G E , see Lebreton et al. (1992) . In models (/ t , p t ) and (/ m , p m ), respectively, survival and capture rates vary only over time and between morphs, respectively. If the sources of variation are additive, variations in survival and capture probabilities over time are parallel on the logit scale in the different morphs, denoted as (/ t+m , p t+m ). A model describing a situation in which both survival and capture probabilities vary among morphs independently (in a nonparallel way) over time is written as (/ t*m , p t*m ). Models are hierarchical, and so simpler models are nested within more complex ones.
Following the recommendations of Lebreton et al. (1992) we started with a complex saturated model (i.e. a model considering effects of all variables of interest on both survival and capture probability) and assessed its ®t. We then modelled capture probabilities by reducing the number of explanatory variables included in the model in an attempt to ®nd a more parsimonious model still providing a good representation of the data. To limit the number of formal tests, this was done on the basis of Akaike's information criterion (AIC), which is calculated as the deviance (i.e. a relative measure of ®t) plus twice the number of estimable parameters in the model (Akaike, 1973; Lebreton et al., 1992) . AIC thus represents a compromise between the total likelihood of (support for) the model given the data, and the number of parameters required to achieve that likelihood. We considered the best model as that with the lowest value of AIC (see Lebreton et al., 1992) . When the best model for the capture probabilities had been identi®ed, we continued to model survival probabilities in the same way as described above for capture probabilities, taking into account that different categories of individuals were not equally likely to be captured despite being alive and present in the study area. We performed signi®cance tests for effects of different variables on survival by computing the likelihood ratio (i.e. the difference in deviance between two models, one including and one omitting the variable of interest) and comparing this value against a v 2 distribution to test the hypothesis that omission of a given variable from the model signi®cantly decreases the support for the model given the data (Lebreton et al., 1992) . Finally, we estimated survival probabilities and their standard errors for each treatment group and sex from the selected model.
Estimating activity patterns, dispersal and microhabitat use
To test for a sexual difference in activity patterns, we examined whether there was any variation in sex ratio among samples from the six different capture dates using log-linear analysis of the three-way classi®cation table of morph, time and sex (Bishop et al., 1974; Sokal & Rohlf, 1981) . Given that male and female T. subulata differ in thermal preferences (A. Forsman, unpublished) one might expect temporally variable weather conditions to in¯uence activity patterns of the two sexes differently. To examine whether dispersal behaviour and microhabitat use differ between sexes (Calver & Bradley, 1991; Mason et al., 1995) we carried out an additional mark± release±recapture study in July 1997. We collected male and female grasshoppers, painted the dorsal surface of their pronotum bright red (to increase recapture probability), and released them from a central point in the study area. We then carefully searched the area 4 days later and estimated dispersal distances from movements of individuals that were recaptured. We recorded the sex of all recaptured individuals, marked the place of capture, and subsequently recorded the microhabitat type, substrate temperature (using a quick reading digital thermometer) and the distance from the release point to the nearest 5 cm. Substrate temperatures were measured in early afternoon, between 13.00 and 15.00 h.
Because of the relatively small sample sizes and skewed distributions, we estimated mean dispersal distances for males and females using a bootstrap method (1500 permutations). To test the statistical signi®cance of the difference between sexes we ran a permutation test on the dispersal data. Using the observed distribution of distance moved in males and females, individuals were drawn without replacement and randomly assigned to a sex. We then calculated the F-statistic using an A N O V A A N O V A of the permutated data. This procedure was repeated 1500 times. We report the proportion of permutated data sets yielding an F-value as great as or greater than the estimated value.
To examine whether grasshoppers distributed themselves evenly in the study area and whether males and females were differently distributed we compared the availability and use of different microhabitats. We classi®ed backgrounds as belonging to either of six microhabitats: tall moss (e.g. Polytrichum); short moss (e.g. Ceratodon); tussock (sedge or grass); wood (bare roots, fallen tree trunks and branches); humus or bare soil; and, ®nally, bare stone. We then quanti®ed the relative availability of different microhabitats by measuring their extensions, to the nearest 1 cm, in 100-cm-long linetransects randomly positioned in 100 places in the study area. Data on microhabitat use were obtained from recaptures of individuals participating in the dispersal experiment (see above), and analysed by computing the Kolmogorov±Smirnoff goodness of ®t test statistic, D, of an observed to an expected cumulative frequency distribution (Zar, 1974) .
Results
Variation in natural morph frequencies
A log-linear analysis of the three-way classi®cation table of morph, time and sex revealed signi®cant variation in the relative frequency of natural colour morphs between sexes (G 24.36, d.f. 3, P < 0.0001), with the black morph being more common among males (55.4%, 124 of 224) than among females (36.6%, 181 of 495), the grey morph less common among males (4.9%) than females (8.1%), and the striped morph being equally common in males (6.2%) and females (5.9%). Morph frequencies did not vary signi®cantly among the six dates of capture (G 14.80, d .f. 15, P > 0.25).
Variation in body size
Grasshoppers varied signi®cantly in body size between sexes and colour morphs, but not among the six capture dates (Table 1) . Females were larger than males (least squares means SE of pronotum length obtained from three-factor A N O V A A N O V A with sex, colour morph, and capture date as factors, Females: 11.5 0.06 mm; Males: 9.7 0.08 mm). A comparison of body size among individuals belonging to different natural colour morphs, after controlling for effects of gender and time, revealed that grey individuals were smallest (least squares means SE, 10.3 0.13 mm), while black (10.6 0.06 mm) and striped individuals (10.7 0.15 mm) were of similar size.
Because grasshoppers were not individually marked we are unable to carry out appropriate tests for effects of body size on survival. Nevertheless, comparing average body size of recaptured individuals (pronotum length X SE, Males: 9.84 0.076 mm, n 78; Females: 11.71 0.073 mm, n 182) with that of all captured individuals (Males: 9.78 0.045 mm, n 223; Females: 11.60 0.047 mm, n 493) suggests that body size was not an important source of variation in survival or catchability (two-factor A N O V A A N O V A , Sex: F 1,973 780.52, P < 0.0001; Capture status: F 1,973 2.15, P 0.14). Furthermore, size-dependent survival should not confound our estimates of selection on colour patterns, because we assigned individuals to paint treatments randomly with respect to body size (two-factor A N O V A A N O V A on pronotum length, Sex: F 1,437 463.18, P < 0.0001; Treatment: F 2,437 0.72, P 0.49).
Dependence of survival on time, colour morph and sex
To test for an effect of colour patterns on survival when controlling for differences in capture rate we used mark± recapture data from 442 experimentally manipulated individuals distributed among paint treatments (colour morphs) and sexes according to Table 2 . Goodness-of-®t tests (Table 2) for each of the six data sets using program R E L E A S E R E L E A S E (Burnham et al., 1987) suggest that the basic assumptions of the Cormack±Jolly±Seber model are met, i.e. releases of previously marked individuals have similar parameters (fates) as newly released animals, and previous recapture history will not in¯uence subsequent captures.
The summary statistics of the various models ®tted to the data are presented in Table 3 . Model notation is described in the Materials and methods section. We started with a saturated model assuming that both capture (p) and survival (/) rates were varying over Table 1 Results from a mixed model analysis of variance for differences in Tetrix subulata body size (pronotum length) between sexes, natural colour morphs and capture dates. Sex, morph and the sex by morph interaction (S*M) were considered ®xed effects, and time and all remaining interactions random effects. F-statistics were computed using the appropriate expected mean squares as the denominator. Den. d.f. denotes denominator d.f. Table 3 ). This model has survival estimates for time intervals (®ve levels), sex (two levels) and paint treatment (three levels), with corresponding factors and levels for capture probability, making a total of 60 estimates. However, there are only 54 estimable parameters (np) for this model because the survival estimate and the capture estimate for the last time interval are not identi®able but fused into a single parameter, such that there are nine estimable parameters for each of the six combinations of sex and paint treatment. According to the AIC the best model for capture rate was achieved by omitting both time and sex effects, that is, to hypothesize capture rate varying among paint treatments but not between sexes or over time (/ t*s*m , p m Table 3 ). The rank order of colour morphs with respect to estimated capture rate was grey painted individuals, having by far the highest capture rate, followed by black and striped individuals. There was no signi®cant difference in capture rates between male and female grasshoppers (v 2 0.03, d.f. 1, P > 0.9). We then modelled survival rate by setting the capture rate component to p m and varying the survival components. Comparisons of AIC values among several different simpler models indicated that the model (/ t+s*m , p m ) provided the best representation of our recapture data (Table 3 ). This model hypothesizes that survival rate depends not only on colour morph, sex and the interaction of colour morph and sex, but also varies over time, although in parallel (on a logit scale) for different sexes and colour morphs. A model not including time effects on survival (/ s*m , p m ) yielded a significantly poorer ®t to the data (v 2 12.46, d.f. 4, P < 0.05), indicating that survival rate varied among time intervals. The effect of the interaction between colour morph and sex on survival was signi®cant (v 2 6.45, d.f. 2, P < 0.05), showing that the relative survival rates of grasshoppers painted in different colour patterns were different in males and females. Comparisons of survival estimates from the selected model revealed that black females survived better than grey Table 2 Summary of tests for goodness-of-®t of the Cormack±Jolly± Seber model to each of the six Tetrix subulata data sets. The components are those of TEST 2 + TEST 3 using program R E L E A S E R E L E A S E (Burnham et al., 1987) . The signi®cant overall test result of striped females was due to one single table being highly signi®cant, but cell values were low and there was no structural problem with the data. Furthermore, combining the probabilities from the six groups leads to nonsigni®cance (Fisher, 1954; ±2SlnP = 16.99, d .f. = 12, P > 0.10). These results suggest that the basic assumptions of the Cormack±Jolly±Seber model are met, i.e. releases of previously marked individuals have similar parameters (fates) as newly released animals, and previous recapture history will not in¯uence subsequent captures. Table 3 Modelling capture (P) and survival (/) rate of Tetrix subulata as functions of time (t), colour morph (m) and sex (s) using mark± recapture data and program S U R G E S U R G E version 4.2. For each model we give number of estimable parameters (np), the deviance (DEV) and Akaike's Information Criterion (AIC). Models were compared by treating differences in deviance. Model 5 was the most parsimonious model providing a good representation of the data. Not all ®tted models are shown. See text for a description of model notation. females whereas grey males survived better than black males, and that striped individuals survived best, irrespective of gender (Fig. 1) .
To obtain a more useful index of relative survival we calculated the product of survival probabilities for each time period separately for each treatment group and sex. Because we painted and released animals throughout the course of the study these products will actually underestimate total survival. They nevertheless represent relative estimates of the total survival probability from the beginning of the study to the ®nal time period, and underestimation therefore should not confound comparisons among categories of individuals. The estimated total survival probability for black males (0.043) was only 29% that of grey males (0.150) and 14% that of striped males (0.312). In contrast, the total survival probability for black females (0.124) was 275% that of grey females (0.045) and 55% that of striped females (0.227). These comparisons suggest that survival of black individuals was substantially lower than for grey individuals in males, and substantially higher than for grey individuals in females.
Sexual differences in activity patterns, daily dispersal and microhabitat use
Our analyses of mark±recapture data revealed signi®cant sexual differences in both activity patterns and daily dispersal. Thus, sex ratios of captured grasshoppers were signi®cantly female biased in ®ve of the six samples from 1996 (binomial test for large samples with normal approximation and continuity correction of 0.5 [Siegel & Castellan, 1989, p. 43 ], all P < 0.0001), the exception being the relatively small sample from our ®rst capture event (30 males, 34 females, same test as above, z 0.38, P 0.35). However, there was also signi®cant variation in sex ratio among samples from the six different capture dates (log-linear analysis, G 14.39, d.f. 5, P < 0.025), with the proportion of females ranging from 53% to 77% (mean 68%). Because our SURGE-analyses revealed no effect of sex or time on capture probability (see above), these results strongly suggest not only that the true adult sex ratio in the population was female biased, but also that male and female grasshoppers had different activity patterns.
Analyses of our recapture data from 1997 revealed a greater average daily dispersal distance in females than in males (Fig. 2) . On 5 July we collected and marked 136 female and 60 male grasshoppers and released them from a central point in the study area. Dispersal estimates were Fig. 1 Estimates of survival rates of female (top) and male (bottom) Tetrix subulata painted black, grey or striped. Survival rates were obtained from mark±recapture data analysed with program S U R G E S U R G E (see text for details). Note that the duration of time intervals is different. Fig. 2 Dispersal distance in female (top) and male (bottom) Tetrix subulata. Data from individuals that were captured, marked and released at a central point in the study area, and recaptured 4 days later. Arrows indicate bootstrapped means.
Colour pattern and survival 397 obtained from movements of 51 females and 22 males that were recaptured four days later. The average total dispersal distance (bootstrapped means) was 4.6 m (range 0.35±11.8 m) for males and 7.4 m (range 0.8± 32.8 m) for females. This difference in dispersal between sexes approached borderline signi®cance (permutation test, P 0.042).
A comparison of the availability and use of substrates revealed that grasshoppers did not distribute themselves among the six different microhabitats as expected from their relative availability in the environment (Kolmogorov±Smirnoff goodness of ®t test, Females: D 0.231, n 51, P < 0.01; Males: D 0.336, n 22, P < 0.01); individuals of both sexes were found in tussocks and on bare soil or humus more often than expected by chance (Fig. 3) . A comparison of the distribution of female grasshoppers with the observed relative preferences of microhabitats exhibited by males shows that the two sexes used the microhabitats differently (D 0.212, n 51, P < 0.05). This difference between sexes apparently re¯ected in part a somewhat stronger preference for bare soil and stronger avoidance of tall mosses in males than in females (Fig. 3) .
Finally, average surface temperatures varied signi®-cantly among the four different microhabitat categories for which we have such data: short moss 34.0°C, n 18; bare soil and humus, 31.5°C, n 26; tall moss, 26.7°C, n 18; tussock, 25.5°C, n 13 (ANOVA A N O V A , F 3,69 7.38, P < 0.001).
Discussion
By comparing free-ranging grasshoppers painted black, grey or striped, we found that colour pattern affected survival differently in male and female individuals (Fig. 1) . A problem common to most capture±mark± recapture studies is that estimates of mortality may be confounded by permanent emigration from the study site. However, this confounding of emigration and mortality will be problematic only if our three paint treatments affected emigration differently. We consider this unlikely. In addition, emigration in itself is probably associated with an increased mortality risk (Johnson & Gaines, 1990) . We also found differences between the sexes in the relative frequencies of natural colour morphs, activity periods, dispersal distances and microhabitat use. The mechanism underlying the sexual dissociation of habitat use (Fig. 3 , see also Calver & Bradley, 1991) is unclear, but it may re¯ect a sexual difference in foraging behaviour or thermal requirements. Experimental evidence that male and female pygmy grasshoppers select different body temperatures in a laboratory thermal gradient (A. Forsman, unpublished) , together with the heterogeneity in surface temperatures among different categories of microhabitats observed in the present study, however, lends some support for the latter possibility (Coxwell & Bock, 1995) .
Collectively, our ®ndings are consistent with the hypothesis that selection imposed by visual predators acts on the combination of prey colour pattern and behaviour (Forsman & Appelqvist, 1998) , such that coloration in¯uences survival of males and females differently. However, other mechanisms also are possible. For instance, if relative crypsis of different colour patterns varies among different visual backgrounds (e.g. Isley, 1938; Sandoval, 1994) , then the protective value (and hence survival) of a given colour pattern may differ between sexes simply because males and females used available microhabitats differently (Calver & Bradley, 1991) . Likewise, the difference in body size between male and female T. subulata may result in sex-speci®c variation among colour patterns in relative crypsis (Cott, 1940; King, 1992) , so that a given colour pattern enhances background matching of small individuals (males) but makes larger individuals (females) more conspicuous.
In addition to the direct association between coloration and susceptibility to predation assumed in the hypotheses discussed above, colour pattern may affect survival indirectly by in¯uencing body temperature (Kingsolver, 1996) . Effects of coloration on thermal capacity have been demonstrated in many ectothermic animals (e.g. Digby, 1955; Brake®eld & Willmer, 1985; Stewart & Dixon, 1989; de Jong et al., 1996) including T. subulata (Forsman, 1997) , and the dependence of their physiology, behaviour and performance on body temperature is well documented (e.g. Huey & Kingsolver, 1989; Harrison et al., 1991; Willmer, 1991; de Jong et al., 1996) . Moreover, because body temperature of ectotherms is in¯uenced not only by colour pattern but also by body size, with temperature excess generally increasing with increasing size (e.g. Digby, 1955) , a combination of dark coloration and large size may be detrimental by causing overheating during hot and sunny weather conditions (Stewart & Dixon, 1989) . In the case of our grasshoppers, however, the latter mechanism cannot account for the observed differences in survival, because we found a pattern opposite to that predicted by the overheating hypothesis; in females (the larger sex) black individuals survived better than did grey individuals.
We also are con®dent that the differences in survival among the three colour patterns observed within each sex were not caused by any interactive effect of coloration and body size, because individuals assigned to different paint treatments did not differ with respect to body size. Moreover, we can conclude that thermal effects do not provide the sole explanation for the differences in survival between treatment groups. Had this been the case, we would have expected differences in survival to be most pronounced between black and grey individuals (because previous experiments show that these two morphs differ the most in temperature excess when exposed to irradiation (Forsman, 1997) ; however, our results do not conform with this prediction (Fig. 1) . For the reasons discussed above, we conclude that differential predation at least partially is responsible for our ®ndings.
Ecological differences among colour morphs
In addition to the experimental evidence that dorsal coloration affects survival our present analyses revealed signi®cant differences in body size among colour morphs. This variation in body size has consequences for female reproduction; due to their smaller size grey females produce smaller clutches than do larger morphs (Forsman, in press). The relatively low survival of grey females observed in this study therefore does not seem to be compensated for by a superior capacity for reproduction. We also have data demonstrating variation among colour morphs in other biologically important variables. Thus, dark morphs not only enjoy a greater thermal capacity than do paler morphs (Forsman, 1997) , they also select higher body temperatures in a laboratory thermal gradient, and differ in their thermal dependence of reaction distance and jumping performance (A. Forsman, unpublished) . Collectively, these ®ndings strongly suggest that the effect of colour morph on individual ®tness is likely to be signi®cant, and that the different traits may have evolved together.
Preliminary analyses suggest that morph frequencies differ not only between male and female T. subulata, but vary also among populations and between years within populations (A. Forsman, unpublished) . This is not surprising, given that this species often inhabits disturbed areas, with marked differences in the colour of the soil and vegetation substrate associated with different types of habitats and successional stages following clear-cuttings or forest ®res (Holst, 1986) . The rank order of relative survival rates among colour variants observed in this study therefore may not be repeatable across populations and years. Such spatial and temporal variation in relative ®tness of different morphs may partially account for the apparent discrepancy between the observed morph frequencies of unmanipulated male and female grasshoppers and our estimated survival rates of painted individuals, and perhaps also contribute to the maintenance of the polymorphism (Endler, 1986; Hedrick, 1986) .
Consequences of differential selection in males and females
The kind of differential selection on coloration in the two sexes demonstrated in this study (Fig. 1) appears to be widespread in the animal kingdom, with additional examples coming from polymorphic marine isopods (Jormalainen et al., 1995) , butter¯ies (Smith et al., 1993; Kingsolver, 1996) , snakes (Forsman, 1995) and lizards (Forsman & Shine, 1995) . Given that such opposite selection in males and females persists for suf®cient time, one would expect the genes coding for colour pattern either to become sex-linked (Fisher, 1930; Lande, 1984; Slatkin, 1984) , or their phenotypic expression to be controlled by sex-hormones (e.g. Hews et al., 1994; Owens & Short, 1995) . This raises the possibility that some colour polymorphisms may be transient, and represent an intermediate stage in the evolution of sexual dichromatism. Theoretical investigations of polymorphisms have generally focused on their long-term stability and maintenance (e.g. Li, 1963; Kidwell et al., 1977; Hedrick, 1986 Hedrick, , 1993 . In the case of colour polymorphisms, however, examples of rapid temporal changes in morph frequencies are relatively plentiful (e.g. Stimson & Berman, 1990; Grant et al., 1995) .
Summary and conclusions
In summary, our data demonstrate a signi®cant interactive effect of gender and colour pattern on survival, and a difference between male and female grasshoppers in the relative frequencies of natural colour morphs, body size, activity patterns, dispersal and microhabitat use. These results accord with the hypothesis that colour pattern and behaviour jointly determine susceptibility to visual predators. By experimentally manipulating colour patterns, we have been able to avoid a suit of potentially confounding effects that would otherwise make it impossible to conclude with certainty that coloration was under direct selection. Because we controlled for differences in capture probabilities when estimating survival rates, we are also con®dent that our results do not simply re¯ect a bias with respect to our ability to ®nd and capture different categories of individuals. Although further studies are needed to identify the proximate mechanism(s) maintaining colour pattern polymorphism in these grasshoppers, our present results nevertheless enable us to reject the null hypothesis that colour pattern is a selectively neutral character, and the polymorphism maintained solely by stochastic processes (such as recurrent mutation, random genetic drift and founder events). Indeed, the evidence that dorsal coloration affects survival, together with the ®nding that colour pattern is associated with a host of other biologically important traits involving body size, behaviour, thermal capacity, physiology and reproduction, suggest that colour pattern is likely to signi®cantly in¯uence individual ®tness. Consequently, the polymorphism must be maintained by some active process (such as frequency-dependent selection or spatially variable selection in combination with gene¯ow). Finally, the fact that opposing viability selection on coloration in males and females has been demonstrated in a variety of organisms in addition to grasshoppers also provides an interesting perspective on the possible role of colour polymorphism as an intermediate stage in the evolution of sexual dichromatism in animals.
